ABSTRACT Embryos of Lucilia (Phaenicia) sericata (Meigen) (Diptera: Calliphoridae), the green blowßy, were successfully cryopreserved by vitriÞcation in liquid nitrogen and stored for 8 yr. Embryos incubated at 19ЊC for 17 h after oviposition were found to be the most appropriate stage to cryopreserve. Removal of the embryonic surface water was done using 2-propanol before the alkane treatment to permeabilize the embryo. Exposure to 2-propanol for Ͼ10 s caused necrotic tissue damage in the embryos. Among the alkanes used, hexane was found to be a superior permeabilizing solvent compared with heptane or octane, with embryo hatching rates on par with the controls. Treatment with the vitriÞcation solution for Ͻ12 min was insufÞcient to vitrify the embryos. Treatment time in the solution beyond 15 min reduced embryo viability. However, the percentage of embryos vitrifying upon exposure to liquid nitrogen vapor remained constant after 12 min of treatment. Long-term storage was initiated in 2004, and the mean hatch percentage recorded then for the short-term cryopreserved embryos was 9.51%. When the long-term stored samples were retrieved in 2012, 8.47% of the embryos hatched, 66.36% larvae pupariated, and 36.96% of the pupae eclosed. Recent optimization of the technique has resulted in a hatch rate of 34.08 Ϯ 15.5%, of which 67.5% of the larvae pupariated and 72% of the pupae eclosed to normal ßies.
The continuous rearing of insect colonies is often beset with problems, including colony collapse, disease, and genetic drift (Mackauer 1972 , Chambers 1977 , and high labor and material costs (Leopold 2007) . Alternatives to continuous culture include the use of diapause (Denlinger 2008 ) and short-term cold storage (Leopold et al. 1998 , Coudron et al. 2009 , Bourdais et al. 2011 , Rinehart et al. 2012 . Although these methods have proven successful for many species, most cold storage protocols still require a certain degree of maintenance, and under optimized conditions, reliable viability can be expected for only a few months of storage. Longer periods of storage can be achieved through cryopreservation, although to date only six dipteran species (Steponkus et al. 1990 , Mazur et al. 1992b , Wang et al. 2000 , Leopold et al. 2001 , Rajamohan et al. 2003 , Rajamohan and Leopold 2007 and two lepidopteran species (Roversi et al. 2008 , Rajamohan et al. 2013 ) have been successfully cryopreserved. Insect cryopreservation is a multistep process that involves precise developmental staging of embryos, followed by dechorionation with sodium hypochlorite, surface water removal with 2-propanol to permit exposure of the embryos to water-immiscible solvents, permeabilization with alkanes, loading the embryo with a cryoprotective agent, embryonic dehydration, and Þnally quenching in liquid nitrogen (reviewed by Leopold and Rinehart 2010) . It is essential for the protocol to be optimized for each species because of variations among the different protocols primarily due to the variations in embryonic volume, permeability, surface wax composition, chorionic thickness, developmental rate, etc. Leopold 2003, Rajamohan and Leopold 2007) . With a properly optimized protocol, one can expect postcryopreservation recovery hatch percentages to range from 20 to 50% and possibly higher if appropriate treatment stages can be selected individually (Rajamohan and Leopold 2007) .
The blowßy Lucilia (Phaenicia) sericata (Meigen 1826) (Diptera: Calliphoridae) is a ßy of importance in forensic sciences, medicine, and agriculture. In forensic sciences, it is an important marker species used in the estimation of the time of death because of its propensity to colonize human remains as soon as they are exposed to the elements (Byrd and Castner 2009) . In medicine, it is used in maggot debridement technology. In the 1930s and in the past two decades there has been a resurgence in the use of L. sericata maggots to aid in the cleaning and wound healing of lesions that are near gangrenous (Sherman et al. 2000) . Since time immemorial, L. sericata larvae have been reportedly used to resolve infected and hard-to-heal wounds, such as diabetic foot ulcers (Sherman et al. 2000 , Sherman 2003 ). The wound-healing properties are attributed to the unique properties of the maggotsÕ secretions and excretions that have antiseptic (Simons 1935) and tissue regenerative properties (Prete 1997) . Conversely, this species is of concern to veterinarians, being implicated in causing deteriorating lesions in European sheep, which often result in fatalities (Groves and Bates 1998, Wall et al. 2000) .
These issues have brought into focus the efÞciency, cost, and drawbacks inherent to continuous rearing of this dipteran species for research and medical uses. This study describes a strategy to cryopreserve the embryos of L. sericata. The results stress the importance of stage selection, effects of the solvents during permeabilization, and the osmotic and toxicity impact during the cryoprotectant treatment. Our optimized protocol resulted in an average hatch rate of Ͼ30%, and our long-term storage experiment demonstrates that this species can be stored for Ͼ8 yr with no impact on viability. These Þndings indicate that cryopreservation is a viable option for this medically important insect species.
Materials and Methods
The L. sericata colony used in this study was established from ßies that were Þeld collected in Fargo, ND. Adult ßies were fed on a mixture of sugar, dried milk, and egg yolk. Seven-to ten-day-old adults were permitted to lay eggs on a piece of beef liver for 30 min. The eggs were incubated (EchoTherm IN30, Torrey Pines ScientiÞc, Carlsbad, CA) at 19 Ϯ 0.1ЊC on a moist paper for 16 Ð18 h before being processed for the experiments. The egg collection was extended to 2 h if they were required for colony rearing. The larvae were reared on dried cattle blood (APC Inc., Ankeny, IA) mixed with a water-lock compound (Grain Processing Corp., Muscatine, IA). After feeding on the blood slurry for 4 d at 36.5ЊC, the larvae exited the container and pupariated in a 2-cm-deep layer of vermiculite (medium grain; Sun Gro Horticulture, Bellevue, WA). The pupae were collected after 3 d and transferred to an adult rearing cage for eclosion.
Permeabilization. Embryos were permeabilized according to a modiÞed version of the procedure reported by Berkebile et al. (2000) . Embryos were dechorionated for 90 s in a 25% solution of sodium hypochlorite (Sigma-Aldrich, St. Louis, MO) diluted with tap water. After 90 s, the embryos were immediately rinsed in continuously running tap water at room temperature for at least 2 min.
After removing excess water, embryos were rinsed in 2-propanol (99.9% purity with Ͻ0.001% water; Sigma-Aldrich) for either 10 or 20 s to assess the efÞcacy of 2-propanol in surface dehydration. Airdrying was done using an air compressor for up to 2 min. To assess the effect of carrying over of 2-propanol into the alkane rinse, three sets of treatments were devised. In treatment 1, the embryos were completely dried with an air stream as described above. In treatment 2, the embryos were removed from 2-propanol and placed on a thick tissue paper for 5 s before transferring to alkane. In treatment 3, the embryo basket was held in air for 5 s to drain excess 2-propanol and then immediately transferred to alkane treatment. Wang et al. (2000) indicated that a 20-s water removal time in 2-propanol was optimum for the Musca domestica L. embryos. In the current study, the difference between 10 and 20 s of treatment was assessed. The embryos treated in 2-propanol were completely dried as described above after each experimental treatment.
After the embryos were dried, they were treated in hexane (Burdick & Jackson, Muskegon, MI), heptane, or octane (Sigma-Aldrich) for 40 s. The embryos were completely dried with air stream for 2 min as described for 2-propanol treatments.
Loading and Dehydration. The cryoprotectant loading and dehydration procedure used in this study is a modiÞed version of the originally reported method for the screwworm, Cochliomyia hominivorax Coquerel (Leopold et al. 2001) . Permeabilized embryos were treated in two separate steps before being vitriÞed. Initially, they were equilibrated with 10% (vol: vol) ethane-1,2-diol in SchneiderÕs insect cell culture medium (Sigma-Aldrich) for 20 min. The embryos were then treated with the vitriÞcation solution of 8 M ethane-1,2-diol, containing 6% (wt:vol) polyethylene glycol (mol. wt. 8,000) and 0.5 M trehalose in SchneiderÕs insect cell culture medium for 7Ð20 min on ice.
Before standardizing the loading and dehydration time, the embryos were tested for toxicity and osmotic tolerance to 8 M ethane-1,2-diol treatments. Embryos were incubated in the vitriÞcation solution on ice for 7, 10, 12, 15, 17, and 20 min. After removal of the vitriÞcation solution from the embryo samples (see under Thawing for details on the recovery of embryos), the hatch percentages and total number of embryos tested per assay were recorded.
In addition, the ability of the embryos to vitrify vs. the treatment time in vitriÞcation solution was assessed. The proportion of embryos that vitriÞed on exposure to vapor nitrogen 1 cm above the liquid nitrogen (see under VitriÞcation for further details) was estimated.
Vitrification. After treatment in chilled vitriÞcation solution, embryos were carefully placed onto the noncoated side of a 25-mm-diameter, 8-m pore size Nuclepore Track-Etch Membrane (Whatman, SigmaAldrich). After excess solution was blotted off, the membrane was held Ϸ1 cm above the surface of liquid nitrogen. This region was previously determined to be between Ϫ120 and Ϫ130ЊC (Rajamohan and Leopold 2007) . This relatively high temperature exposure facilitated annealing of the embryos and either avoided or reduced fracturing when quenched in liqueÞed nitrogen. The embryos were quenched in liquid nitrogen and were placed in a stainless steel Shandon Lipshaw Standard cassette (Shandon Lipshaw, Pittsburgh, PA). Embryos on the membranes were stored for up to 24 h before assessing their viability.
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To study the effect of treatment time in the vitriÞcation solution, the membranes retaining the embryos were held 1 cm above the liquid nitrogen. Using a magnifying lens, the number of embryos that had turned opaque (embryos frozen instead of vitrifying) was counted. The membranes were quickly plunged into 0.5 M trehalose (see under Thawing). After the replacement of trehalose with SchneiderÕs medium containing 10% deactivated fetal bovine serum, the total number of embryos was counted. After 15Ð20 h, the proportion of embryos hatched was determined.
Thawing. After storage in the liquid nitrogen, embryos were returned to the nitrogen vapor (1 cm above the surface of the liquid) and held for 1 min. Then, the membrane was swiftly immersed into a vial containing 0.5 M trehalose in SchneiderÕs insect cell culture medium. Embryos were dislodged from the membrane by agitation. After 2 min, the trehalose solution was removed and replaced with SchneiderÕs medium containing 10% fetal bovine serum. The medium was replaced at least three times at 10-min intervals in a sterile cabinet. The embryos were then incubated in this medium at 24 Ð27ЊC until hatching occurred.
Long-Term Cryopreservation
This study includes data from seven samples stored under liquid nitrogen on 08 January 2004 and retrieved on 14 June 2012 (equivalent to 3,080 d of storage). The standard thawing procedure described above was used to revive the embryos, and the hatching percentages were recorded. The larvae were transferred to a reconstituted blood diet reinforced with freeze-dried yolk. The number of pupae derived from the larvae that were capable of crawling out of the blood diet into an outer container with Ϸ2 cm of vermiculite was recorded. The pupae were placed in a cage containing water and sugar or egg-yolk or yeast diet. The number of healthy adults that eclosed from the pupae was recorded.
Statistical Analysis
Raw data were analyzed in Stata 10.1/IC (College Station, TX). Individual groups were assessed using either the analysis of variance or t-test. Normality of the data was checked using the ShapiroÐWilk test, and depending on the distribution, alternate nonparametric equivalents (Wilcoxon rank sum or MannÐWhit-ney two-sample test) were adopted. Toxicity assays, as in the case of the effect of the vitriÞcation solution on the embryos vs. time of exposure, were analyzed using generalized linear models with probit or logit options. They also served to determine the median as well as other percentile effect vs. time models for the assays.
Results
Cryopreservation of L. sericata embryos resulted in an average hatch of 34.1 Ϯ 15.5%. From among the hatched larvae, 67.5 Ϯ 20.4% pupariated and 72.0 Ϯ 21.1% of the pupae eclosed to adult ßies (Fig. 1) . Untreated control embryos placed on SchneiderÕs medium had a hatch percentage of 82.1 Ϯ 3.5%. From among the hatched larvae, 87.4 Ϯ 8.9% pupariated and 72.9 Ϯ 27.8% of the pupae eclosed to adult ßies. The pupariation among the cryopreserved samples was signiÞcantly lower than the control (P ϭ 0.0154). However the percentage of the pupae that eclosed from the cryopreserved samples was not affected (P ϭ 0.9184).
Developmental Stage and Cryopreservability. Three embryonic developmental ages, viz., 16, 17, and 18 h after oviposition, were assessed. After the process of permeabilization, the 17-h embryos had the highest hatch percentage (81.7 Ϯ 4.9%). Further, the comparison of the treatment effect, among all the three Fig. 1 . Effect of cryopreservation on L. sericata embryo hatch, pupariation, and adult eclosion from the pupae. Hatch and pupariation of cryopreserved embryos were signiÞcantly lower than controls, but adult eclosion did not show signiÞcant variability. An average of 67 embryos were used per treatment (n ϭ 14).
stages, was insigniÞcant (Table 1) . On the contrary, hatching of the 16-h stage after cryopreservation was Ͻ1%, while Ͻ3% hatched from 18-h-old cryopreserved embryos. Both early and late stage hatch percentages were signiÞcantly lower than the hatch from 17-h-old embryos (P ϭ 0.0136 and 0.0326, respectively).
Effects of Dechorionation and Permeabilization. Dechorionation of the embryos with sodium hypochlorite resulted in 84.3 Ϯ 6.7% hatch. This was not signiÞcantly different than the control hatch (84.9 Ϯ 3.3%; P ϭ 0.8816). However, the kind of alkane used in the rinse step substantially affected the overall success of the protocol. Hexane-permeabilized embryos had a lower hatch percentage than heptane-treated embryos, which in turn had a lower hatch percentage than octane-permeabilized embryos. However, these differences were statistically insigniÞcant (P ϭ 0.0419; Table 2 ). The effects of alkanes on survival became pronounced after cryopreservation. The octane-permeabilized sample did not survive cryopreservation, while 7.3 Ϯ 4.5% of the embryos permeabilized with heptane and 21.13 Ϯ 10.7% of the hexane-permeabilized embryos hatched after cryopreservation. The difference between the latter two treatments was statistically insigniÞcant (P ϭ 0.0938).
Differences in 2-propanol treatment time signiÞ-cantly affected embryo survival after permeabilization (P ϭ 0.02), although this effect was not signiÞcant in postcryopreservation embryos (P ϭ 0.06; Table 3 ). Treatments directly after the 2-propanol rinse (a: completely dried for 2 min, b: blotted off for 5 s, or c: just drained off the excess 2-propanol for 5 s) also showed a signiÞcant effect on the hatch percentage. Similar to the results for treatment time, these differences were either insigniÞcant or only marginally signiÞcant at 95% conÞdence levels (a vs. B, 0.049; b vs. C, 0.08); however, unlike the treatment time effect, the treatment type effect became more pronounced in embryos after cryopreservation. Postcryopreservation hatch percentage showed signiÞcant differences, with completely dried samples showing an Ϸ15% survival advantage (a vs. b, P ϭ 0.0014; a vs. C, P ϭ 0.0033; Table 3 ).
Vitrification Solution. The time-dependent toxicity of the vitriÞcation solution was assessed by treating the permeabilized embryos in the vitriÞcation solution for 7, 10, 12, 15, 17, and 20 min (Fig. 2) . Treatment times of 7, 10, and 12 min resulted in hatch percentages above 75%. The hatch estimates were statistically not dissimilar to the controls (P ϭ 0.4965, 0.8215, and 0.4583, respectively). Hatch percentage after 15 min of treatment tended to be lower but remained statistically indistinguishable from the controls (P ϭ 0.0624). However, 17 and 20 min in vitriÞcation solution caused signiÞcant mortality among the embryos (P ϭ 0.0153 and 0.0104, respectively). Dehydration and toxicity effects were directly assessed by determining the hatch percentage after a set time. Probit analysis was used to determine the lethal time (LT 50 ) for the vitriÞcation solution (26.18 Ϯ 3.4 min). During the exposure period of 7Ð15 min, the percentage of viable embryos decreased from Ϸ81 to 70%.
The proportion of vitrifying and nonvitrifying embryos after 5, 7, 10, 12, 15, and 20 min in the vitriÞcation solution was estimated. Predictive logistic regression analysis of the proportion of embryos that were translucent (vitriÞed) vs. the exposure time in the vitriÞ-cation solution showed that 95% of the embryos vitriÞed after 11.43 Ϯ 0.2 min and 99% of the embryos vitriÞed after 14.01 Ϯ 0.4 min. The treatment time required to vitrify 50% of embryos was 9.0 Ϯ 0.1 min (Fig. 3) . This indicated that optimal dehydration and 1,2-ethanediol uptake takes between 8.5 and 14 min of treatment.
Long-Term Storage. Embryos stored under liquid nitrogen since 2004 were recovered in 2012 (longterm storage) and the proportion hatch was compared with samples that were both frozen and recovered in 2004 (short-term storage; Fig. 4 ). Neither the embryo hatch nor the percentage pupariation was affected by long-term storage (P ϭ 0.8561 and 0.7979, respectively). Successful adult eclosion after long-term stor- Age in hours was counted from when the eggs were collected. After collection, the embryos were incubated at 19 Ϯ 0.1ЊC. Statistical comparisons of the permeabilized vs. cryopreserved results in all cases were signiÞcantly different. An average of 579 embryos (n ϭ 6) was used per treatment. Statistical comparisons of the permeabilized vs. cryopreserved results in all cases were signiÞcantly different. An average of 342 (n ϭ 8) embryos was used per treatment. Statistical comparisons of the permeabilized vs. cryopreserved results in all cases were signiÞcantly different. Approximately 350 (n ϭ 8) and 426 (n ϭ 5) embryos were utilized for rinse timing and carryover treatments, respectively. age (36.9 Ϯ 32.5%) was substantially lower than adult eclosion after short-term storage (75.5 Ϯ 8.8%). However, statistically the difference was obscured by the wide variation in the long-term sample (P ϭ 0.1179).
Discussion
The objective of this study was to develop a successful cryopreservation protocol for L. sericata embryos and assess long-term storage of the cryopreserved embryos under liqueÞed nitrogen. The resultant protocol has many aspects in common with previous reports on dipterans, including M. domestica, C. hominivorax, Ceratitis capitata Wiedemann, and Anastrepha ludens Loew (Wang et al. 2000 , Leopold et al. 2001 , Rajamohan et al. 2003 , Rajamohan and Leopold 2007 . However, despite the commonality in the procedures, this study afÞrms that the cryopreservation of every species still requires customization of the protocol to accommodate to the nuances in each speciesÕ volume, barriers, etc. (see Leopold and Rinehart 2010) . A growing body of evidence suggests that the developmental stage of the embryo is a crucial component of the procedure that requires precise optimization for each species. For instance, in both the houseßy (Wang et al. 2000) and the screwworm, C. hominivorax (Leopold et al. 2001) , it has been observed that at room temperatures (22 to 24ЊC) the cryopreservable embryonic stage transited in 20 min or less. The current study on L. sericata agrees with that timeline described as the "window of opportunity" for Musca and Cochliomyia.
One variable that must be considered when optimizing the developmental stage for cryopreservation is the amount of yolk remaining within the embryo. In addition to studies in insects, various studies on zebra Þsh and porcine embryos that are rich in yolk lipids have shown that yolk can hold signiÞcant amounts of water that cannot be dehydrated without damaging the embryos (Nagashima et al. 1995 , Hagedorn et al. 1996 . In L. sericata, when embryos were incubated at 19ЊC, it was noted that embryos younger than 16.5 h showed four distinctive pockets of gut, indicating that the embryonic yolk was not yet fully depleted. Hence, attempting cryopreservation before this stage would be counterproductive. A second critical variable that must be considered when selecting an embryonic stage for cryopreservation is the development of the chitinous cuticle. After the cuticle had developed, although the alkane permeabilization procedure would make the vitelline membrane permeable, the embryonic cuticle will provide the barrier to water loss. Such embryos cannot be vitriÞed. This process of cuticular differentiation closely ensues the depletion of yolk in the Þnal stages of embryonic development, hence leaving a narrow window of opportunity for optimal cryopreservation. In the current study, most of the embryos beyond 17.5 h of incubation showed visible movements, indicating completion of cuticulomuscular differentiation. However, unlike the Anastrepha sp., where permeabilizing the early stage embryos resulted in signiÞcantly higher mortality than the late stages (Rajamohan and Leopold 2007) , no signiÞcant difference in the effect of the permeabilization between the developmental stages was noted in this study. This in turn permits earlier permeabilization of the embryos in preparation for the cryopreservation treatment.
Stage selection can be further complicated by heterogeneity in developmental stages of embryos because at any given time, embryo samples can contain the optimum stage plus stages either too old or too young for successful treatment. For instance, Rajamohan and Leopold (2007) demonstrated that by carefully selecting the optimum stage for cryopreservation with Mexican fruit ßy embryos from a sample having only Ϯ15 min of variation, Ϸ85% hatched after treatment. Without selection, stage heterogeneity reduced hatching to Ϸ50%. Heterogeneity in the developmental stages in L. sericata was previously reported by Zhang et al. (2008) , and the lower hatching rate of cryopreserved L. sericata embryos obtained in the current study is likely because of stage heterogeneity.
The dechorionation and permeabilization procedure is characterized by use of potentially toxic chemicals such as sodium hypochlorite, 2-propanol, and alkanes. Hence, these steps of the cryopreservation protocol must also be optimized for each insect species. Although the chorion is not absolutely impermeable during cryopreservation (as demonstrated by Rajamohan et al. 2013 in Pectinophora) , the use of sodium hypochlorite to destabilize the proteinaceous chorion (Slifer 1945, Regier and Kafataos 1985) is essential to all protocols developed for dipteran species. Interestingly, dechorionation alone has been shown to increase successful hatching rates in Ceratitis and Anastrepha, with Rajamohan and Leopold (2007) observing that the Fig. 4 . Comparison of larval hatch, pupariation, and adult eclosion from long-term (Ϸ8 yr; LT) and short-term (1Ð24 h; ST) stored cryopreserved embryos of L. sericata. For estimation of hatch proportion, only active and motile larvae were considered, and for adult eclosion, only the ßies that survived for 24 h posteclosion were counted. An average of 662 embryos were used per treatment (n ϭ 7). apparent increase in the hatch percentage after dechorionation is because of the ease with which the larvae could eclose from a dechorionated egg shell. In the case of L. sericata, there was no statistical variation between the controls and dechorionated hatch percentages, indicating that the absence of the chorion does not inßuence the hatching in L. sericata.
The permeabilization process that follows dechorionation involves use of solvents that can be toxic to the embryonic cells (Rand et al. 2010 , Cosi et al. 2010 . The composition of the lipid barriers that protects the embryo from desiccation and the toxicity and efÞcacy of the solvents used to remove the barrier differs with species (Nelson and Leopold 2003; Wang et al. 2000) . The current study investigated both the toxicity and efÞcacy of the three solvents that were used previously for permeabilization of Drosophila embryos: hexane, heptane, and octane (Mazur et al. 1992a) . Although all three alkanes induced necrosis in permeabilized Lucilia embryos, it was noticed that the hatch percentage of the permeabilized embryos increased with increasing molecular weight of the solvents. However, upon cryopreservation, it was observed that hexane yielded signiÞcantly higher embryonic viability than heptane or octane. This also adds credence to the higher toxicity observed with the use of hexane as a permeabilizing agent because the solvents are lipid-speciÞc and the lipids surrounding the vitelline membrane of Lucilia are more soluble in hexane. Interestingly, permeabilization survival was not affected by embryonic stage, in contrast with data from the tephritid fruit ßy, A. ludens (Rajamohan and Leopold 2007) .
After determining that the alkanes did not contribute to the necrotic tissue damage, the effect of 2-propanol was assessed in two separate studies: optimizing the length of the 2-propanol incubation and determining the effects of 2-propanol "carryover" into the alkane incubation. The standard treatment time in 2-propanol previously established for dipterans is 20 s . Few other studies on Drosophila and house ßy embryos have shown the importance of restricting the 2-propanol treatment time and the deleterious effects of carryover of 2-propanol to alkane treatment (Mazur et al. 1992a , Wang et al. 2000 . In L. sericata, reducing the treatment time in 2-propanol to 10 s reduced the number of larvae suffering necrotic tissue damage (Table 3) , signiÞ-cantly improved the postpermeabilization hatch percentage (P ϭ 0.0207), and marginally improved the hatch percentage in cryopreserved embryos (P ϭ 0.053). Furthermore, the estimated LT 50 for 2-propanol on dechorionated L. sericata embryos was 37.92 Ϯ 6.1 s (coefÞcient Ϯ SE; data not shown in results; 586 embryos in 10 replicates). The estimated 10-and 20-s mortality from probit analysis was Ϸ14 and Ϸ24%, respectively. However, 2-propanol can penetrate the embryo if it is carried over to the alkane treatment, vastly accelerating tissue damage. Using three different treatments (viz., drained, blotted, and dried), our results show that a signiÞcantly different amount of 2-propanol is transported into the embryo, resulting in measurably different embryo hatch. The wet and blotted embryos exhibited more necrotic damage than the completely dried samples.
Loading with cryoprotectants and concomitant dehydration with a viscous mixture of sugar and polymer cryoprotectants is essential for successful vitriÞcation in insect embryos. However, the negative effect of this treatment on the embryo is twofold: the vitriÞcation solution mixture is both toxic and osmotically demanding. Therefore, the treatment time as well as the constituents of the vitriÞcation solution must be carefully adjusted for each species depending on their tolerance to the mixture, embryonic volume, embryonic water content, and the efÞciency of the permeabilization process. Previous studies have identiÞed a variety of optimal incubation times for dipteran species ranging from 7 to 16 min (Wang et al. 2000 , Rajamohan et al. 2003 , Rajamohan and Leopold 2007 . We have found that the best treatment time in vitriÞcation solution for L. sericata embryos is between 12 and 13 min (Fig. 3) .
Long-term assessment of cryostorage is often performed to assess the effect of ultralow temperature on the quality of the sample. Studies in the past on mammalian systems (Dulioust et al. 1995) as well as insect systems Leopold 2007, Leopold et al. 2001 ) have shown virtually no deleterious effects from cryopreservation on the physiological, behavioral, and genetic constitution of the organism. The current study was conducted on L. sericata embryos stored in liquid nitrogen over an 8-yr period. Our results (Fig.  4) support the earlier Þndings that cryostorage has no effect on the hatch, pupariation, and eclosion in L. sericata. However, it must be noted that continuous studies on improving the procedure since 2009 have resulted in a signiÞcantly higher hatch rate over the 4-yr period.
We conclude that the standard dipteran cryopreservation protocol can be successfully adapted to the cryopreservation of L. sericata. It is our hope that the cryopreservation technology reported in this study will beneÞt current and upcoming users of this ßy for both research as well as application in forensics and medicine by greatly reducing the costs associated with continuous rearing. Finally, we anticipate that the expansion of this nascent technology to yet another insect species will enhance its acceptance as a valuable tool for those who rear insects.
